Abstract. In China, the project of HVDC transmission is under comprehensive planning and many projects have been put into operation. However, conventional models of MMC did not achieve the dead time effect of MMC which influences the harmonic component of arm current. In this paper, the dead time effect of MMC is firstly analyzed and then the fast simulation model is proposed. Fast simulation models and reference models were built on the MATLAB platform to validate the accuracy, advantage and speed of proposed model. The result shows.
Introduction
With the development of the high voltage direct current (HVDC) technology, the development of voltage converter is the technical issue urgently to be solved as it is one of the most critical components in direct current (DC) grids [1] . The modular multilevel converters (MMC) is widely used nowadays due to the following advantages: because of the modular design, the voltage level and capacity are easier to extend, the voltage distortion of the alternating current(AC) side is very small, so MMC can be inserted in the AC system without AC filter. [2] The simulation in a hardware-in-the-loop (HIL) test bench is of vital importance to verify the control strategy and protection of the MMCs [3] . However, there are still some issues that may cause problems in real-time simulation. First, for the improvement of precision, the step size must be very short. Second, in the actual situation, there are sometimes hundreds of SMs in MMCs and during the simulation, all of the devices are in the switching process with a high frequency. Third, during every step the computer needs to calculate the high-order matrix which is formed by the nonlinear model separately, the above mentioned issues will slow down the simulation speed and hamper the process of adjusting the parameters and conducting the following research work.
Many efforts were given to accelerate the simulation speed. The continuous model is illustrated in [4] , which assumes s k (t), the switching function to be 0 when MMC sub-module is in the insert mode, and to be 1 when MMC sub-module is in the bypass mode. The paper succeeded in representing the MMC from the system point of view by describing s k (t) as a function varying from 0 to 1, for instance, when the switch in arm is 60% in the on-state and 40% in the off state, s k (t) is described as 0.6. However, this model is not fit for an HIL test bench, which needs to handle each sub-module individually. Using the trapezoidal rule integration method mentioned in [5] , the capacitor can be represented as an equivalent circuit in [6] . This simplified representation is sufficiently accurate to simulate the system level electrical behavior. The state space nodal (SSN) method, which is proposed in [7] , reduces the number of matrix sets for switching permutations and the iterative solvers by combining the cluster equations to a single admittance matrix, the cluster equations can either be derived from state-space equations or from nodal analysis and combined with state space equations. This method is also used to derive the Norton equivalent circuit of each MMC arm in [8] . In [9] , a surrogate network with a modified topology compared to the real is used to represent the valve, the surrogate is made up with three sections: the reactor section, the blocked SM section ("Blocked SM"), and the unblocked SM section ("In +ve SM"). The FPGA-based MMC valve model with the surrogate networks and ½ time-step interface T-line is used for real-time performance.
In [3] , the equivalent circuits of each mode (insert, bypass, diode, fault) of the SM are given, considering their similarity, they are represented by one simplified circuit, then the paper comes up with the multi-rate simulation strategy that the simulation step size of the controller and the main circuit can be set differently to increase the efficiency of the simulation while not disturbing the accuracy too much because the too high frequency for valve controller will not lead to a higher accuracy since the real controller's frequency is usually much slower than the main circuit.
However, in practical use, the IGBTs should be inserted with dead time, which will cause harmonic wave in arm current and grid current. These phenomena also occur in the actual testing of the MMCs, if the models can not take the dead time effect into consideration, the result will not reflect the functionality and performance of the MMCs. The models that were proposed before did not concentrate on this issue, which is the research object of this paper.
In this paper, a fast simulation model of MMC with dead time effect is proposed. The general structure of the paper is as follows: Chapter 2 introduces the definition of the MMC and dead time, Chapter 3 introduces the quick simulation model taking dead time effect into consideration. In chapter 4 the results of the simulation are given. Chapter 5 gives the conclusion.
Introduction of MMC and Dead Time Effect

Basic Conceptions and Working Mechanism of MMC
The Multi-level Modular Converter (MMC), which was invented for HVDC electric power transmission technology, could convert AC and DC voltage with higher accuracy, and especially lower switch cost than conventional two-level converter. As shown in Fig. 1 , an MMC contains 6 bridge arms, each consists of same number of sub-modules in series. In one sub-module (SM), one capacitor provides stable output voltage, and several switches reverse paralleling diodes control the work modes. The SMs could be divided into half-bridge type as Fig. 2(a) shows and full-bridge type as Fig. 2(b) shows. That one half-bridge SM contains two switches results in four work modes, and that one full-bridge SM contains four switches means it has five main work modes. The SMs are inserted or by-passed to change the output voltage level. Generally, the total number of SMs in an upper arm bridge is equal to that in a lower arm bridge. It is relevant to the number of SMs, therefore the output voltage level changing mechanism could be described as (1) . (1) In (1), N is the total number of SMs on an arm bridge, U C is the capacitor voltage, u o is one-phase output voltage, U U and U L respectively represent upper arm bridge voltage and lower arm bridge voltage in one phase. Formula (1) illustrates that the output would be 0 if the number of inserted SMs on upper and lower arm is equal. The output reaches the highest level only when all SMs on lower arm are inserted and no one on upper arm are inserted, and the condition of reaching lowest level is the opposite.
Except for voltage, the current of each arm bridge could be described in (2) . (2) In (2), I dc represents DC current, one third of which equals DC current passing through one phase. I U and I L respectively represent upper and lower arm current. i o is one-phase output current. Based on (1) and (2), internal current closed-loop control and external voltage closed-loop control are mostly applied to control the MMCs. To ameliorate the system dynamic performance, the PID strategy is often added in feedback unit.
Explanation of Dead Zone
It is true that the processes of turning power electronic switches on and off are actually short intervals. In a converter, because of the turn-on-and-off intervals, it would easily cause short circuit on DC voltage source when the upper arm circuit is being cut and lower one is being connected. To avoid this, the most direct method is connecting lower arm circuit after upper circuit totally being cut, which results in a short interval when both arm circuits are cut. This short interval is the dead time.
For MMC, the dead time directly decreases the quality of SMs' output voltage wave form. Consider the half-bridge shown in Fig. 2(a) below. When the signals are generated, consider about the dead zone, actual trigger signals' rising edges relay original ones for a period of dead time. During this period, both two switches are closed, thus leading current to only pass through the reverse parallel diodes. Define the current direction in Fig. 2(a) is positive. Then, during the dead time, the positive current will extend the capacitor insertion time, while the negative current will do the opposite. All these situations are shown in the Fig. 3 . The dead time effect has little influence on MMC under rated-power work mode. However, dead time effect would result in larger output harmonics of current when the MMC works under low-power operation condition. This phenomenon is not quite common among current fast simulation models of MMC.
Fast Simulation Model of MMC with Dead Time Effect Equivalent Circuit of Arm in MMC
As mentioned before, the four working modes of half-bridge SM are respectively called insert, by-pass, diode, and fault mode. Consider the SM in Fig. 2(a) , under insert mode, the SM capacitor is inserted in the whole arm circuit by closing Kup and opening Klow, and the by-pass mode requires Kup to be opened and Klow to be closed, making the capacitor by-passed. Under diode mode, Kup and Klow are open, whether the capacitor be is inserted depends on arm current direction. The direction of ISM is defined as positive, thus positive current leads capacitor to be inserted, negative current does the opposite. The dead time in SM could be described as equivalent diode mode. The fault mode is actually the DC source short circuit, which could not be allowed to occur. The working modes of arm bridge circuit are similar. The specific simplification is shown as following. Fig. 4(a) shows the real and equivalent circuit under insert mode. There are only capacitors in series in this equivalent circuit if ignore the valves' voltage. Fig. 4(b) shows the two circuit under by-pass mode. There are no capacitors in the equivalent circuit. These two modes could be collectively referred as "Unlocked mode". Generally, in one arm bridge, half-bridge SMs in series essentially are many capacitors in series, which could be equivalent to one voltage source. The simplified circuit applying for all working modes is shown in Fig. 6(a) . Voltage source S1 represents the total voltage value of capacitors in SMs under diode mode and during dead time, and S2 represents the total voltage value of capacitors in SMs under unlocked mode. For being brief, there are no arm inductors shown in Fig. 6 (a) and (b). Simplification has been done by replacing complex many electric components to equivalent two DC sources and two diodes on one arm bridge.
Calculation of Output Voltage
Dead Zone Period Calculation. To find the output voltage during the dead time is to find what the beginning moment of dead time effect is, and how long the dead time effect spans. Here is a flow diagram of this process. At the beginning, choose a reasonable dead time value and define a counter for finding when the dead zone period ends. When a new signal edge come, the system compares the current and the previous signal, which came one sample time step before. If they are same, then the counter value should plus 1. If not, then reset the counter to 0.
Next, compare counter value with dead time then find the current working state of the arm bridge. For instance, if the counter value less than dead time, the SM is still in dead zone period, but if not, the SM works in unblocked mode. SM capacitor voltages must be calculated first to determine the output voltage. The output values are listed in TABLES 1 & 2, after the comparison and capacitor voltage calculation, those values could be assigned directly as outputs. Finally, output the results of this sample time step. SM Capacitor Voltage Calculation. As TABLE 1 & 2 illustrate, to assign values to DC sources S 1 and S 2 , the capacitors' voltages must be calculated by CPU. Consider the circuit in Fig. 2(a) . I SM (t) represents SM output current, R d is capacitor discharge equivalent resistor, I C (t) is capacitor current. According to Kirchhoff Law, their relation is shown in (3) . The i R is capacitor discharge current.
(3) Solving this equation could find VC in (4) . (4) The CPU system is discrete. Although (3) is one-order normal differential equation, ISM(t) is not continuous function of t. That (4) is an implicit formula leads to iterative calculating steps. The SM capacitor voltage calculation formulas of forward Euler method, backward Euler method, and trapezoidal method are respectively shown as (5), (6) and (7). (5) (6) (7) (5) and (6) both contain one adding step and two multiplying steps, (7) includes one more adding step. Theoretically, trapezoidal method is more accurate than forward and backward method. The simplified formula shown as (8) . (8) In (5), TS is the sample time step, C1 and C2 are constant parameters. Parameter k1 reflects the current at moment t, and k2 reflects that at moment t+TS, the value of k1 and k2 are depends on working mode shown in TABLE 3 below. 
Model Validation and Simulation Results
The simplified circuit mentioned can be confirmed by comparing the simulation of the following two models which are implemented in the Matlab/Simulink platform, the parameters of the models is shown in the TABLE 4. The first model is a detailed model of which the sub-module is built with the IGBTs from the powerlib/Power Electronics. The model takes the dead-time effect into consideration. The fast model is built with the equivalent circuit and multi-rate method which also takes the dead-time effect into consideration.
Advantages Validation
This paper proves the accuracy of the fast model by presenting and comparing the arm current and the capacitor voltage of the detailed model and the fast model. In this section, two circumstances (dead time=2μs and dead time =5μs) are given as examples.
Dead time =2μs When dead time is set to 2μs, the arm current of the detailed model and the fast model are shown together in Fig. 8(a) , the comparison of the arm current of the two models is derived from the subtraction of the fast model arm current from the detailed model arm current and shown in Fig. 8(b) .
The result of the peak of the comparison wave divided by the peak of the arm current wave is 0.3281/19.85=1.65%, which means the arm current of the fast model is a close match to the arm current of the detailed model. The capacitor voltage of the detailed model and the fast model are shown together in Fig. 9(a) , the comparison of the capacitor voltage of the two models is derived from the subtraction of the fast model capacitor voltage from the detailed model capacitor voltage and shown in Fig. 9(b) .
The result of the peak of the comparison wave divided by the peak of the capacitor voltage wave is 0.3344/129.7=0.26%, which means the capacitor voltage of the fast model is a close match to the capacitor voltage of the detailed model. 
Dead time =5μs
When dead time is set to 5μs, the arm current of the detailed model and the fast model are shown together in Fig. 10(a) and (b) , the comparison of the arm current of the two models is derived from the subtraction of the fast model arm current from the detailed model arm current.
The result of the peak of the comparison wave divided by the peak of the arm current wave is 0.4387/21.12=2.08%, which means the arm current of the fast model is a close match to the arm current of the detailed model. The above mentioned issues prove that the fast model have the ability to represent the detailed model perfectly and accurately. This paper confirms the advantages of the fast model which takes the dead time effect into consideration by comparing the FFT analysis of the fast model when dead time is 0μs, the FFT analysis of the detailed model when dead time is 5μs and the FFT analysis of the fast model when dead time is 5μs.
The FFT analysis of the arm bridge current of the fast model when dead time is set to 0μs and the FFT analysis of the arm bridge current of the detailed model when dead time is set to 5μs is shown in Fig.12(a) and Fig.12(b) , in Fig.12(b) the fourth harmonic is above 5%, while in Fig.12(a) the fourth harmonic component is approximately 1%, the fast model without taking dead time effect can not show the harmonic component of the current caused by the dead time effect and may cause waste of energy or danger to the electricity grid. The FFT analysis of the fast model when the dead time is set to 5μs is shown in Fig.13 , using the method mentioned in this paper, the fast model taking dead time effect into consideration has the ability to show the harmonic component caused by dead time effect and thus prevent the waste of energy or danger. The above mentioned issues prove the model mentioned in this paper has the ability to show more harmonic component caused by the dead time effect and prevent the energy waste or danger caused by the harmonic component.
Speed Validation
When the step size is set to 1us and there are 6 The paper uses the ratio of the time the detailed model needs to run the model to the time the wave of the current and voltage goes to represent the simulation seed, the ratio curve that varies with the number of the sub-modules changes can be seen in It is obvious that when the number of the sub-module in an arm becomes larger, the speed of simulation will become slower, the speed of the fast model decreases only a little, while the time the detailed model increases exponentially.
Conclusion
A Fast Simulation Model of MMC with Dead Time Effect is proposed in this paper. The accuracy, advantage and speed were validated by comparing a detailed model of IGBTs from the powerlib/Power Electronics with proposed model. The analysis and simulation results in several scenarios show: first, the THD values of output current and voltage waveforms are both limited under 3%, which indicates the model's high accuracy compared with the reference model. Second, the difference between the harmonic rates of the output current and voltage of the fast model and the reference model is within 10%. Third, the quick model performs very well that its simulation period becomes ten times shorter than the reference detailed model.
